Cells colicinogenic for the colicin plasmids El or E2 (Col El and Col E2, respectively) were selected for a loss of colicin production after infection with bacteriophage Mu. Extrachromosomal deoxyribonucleic acid that was larger than the original colicin plasmids was found in such cells. A small insertion mutant in Col El deoxyribonucleic acid affecting active colicin production without affecting either expression of colicin immunity or Col El deoxyribonucleic acid replication was found. Cells carrying this Col El plasmid mutant do not exhibit the lethal event associated with colicin El induction, suggesting that synthesis of active colicin is required for killing during induction. The altered Col E2 plasmid, containing an insertion at least as large as phage Mu, was maintained unstably in the mutants examined.
The colicin plasmids El and E2 (Col El and Col E2, respectively) are small (4.2 x 106 to 4.4 x 106 daltons), stably maintained, extrachromosomal deoxyribonucleic acid (DNA) molecules carried by Escherichia coli (2, 13) . Their presence in a cell can be detected by the cell's capacity to produce and release a specific antibiotic protein, colicin El or E2 (15, 17, 18, 27, 30) . The cell carrying a specific colicin plasmid is also insensitive, "immune" (16) , to the lethal effects of the colicin protein it produces, although it can still adsorb the colicin protein. (A cell that cannot adsorb a colicin protein is "resistant" to the colicin.) To further study the replication and gene expression of these bacterial plasmids, an attempt was made to obtain mutants of the Col El and Col E2 factors that were induced by the bacteriophage Mu, which causes mutations by integrating at random into the DNA of the E. coli chromosome as well as into the DNA of the extrachromosomal sex factor (F') (4, 10, 21, 26) . In particular, Mu phage-induced mutants affecting colicin production were sought. The presence of such Mu-induced insertion mutants could be useful in providing physical markers for studies of the plasmid DNA and also could shed some light on the Mu phage integration process. The isolation of insertion mutants of the Col El and Col E2 plasmids is reported here.
MATERIALS AND METHODS
Bacterial and bacteriophage strains. E. coli K-12 strains used were: P678-54 (1) which requires threonine, leucine, proline, and vitamin Bi for growth, is streptomycin resistant, and is a minicell producer and its colicinogenic derivative P678-54 (Col El) which was resistant to colicin El (22) ; W3110 and its streptomycin-resistant colicinogenic derivative W3310 (Col E2); AT2058 (F'8 gal) obtained from B. Bachmann; and W3350 thy-obtained from Atsuhiro Oka and its colicinogenic derivative W3350 (Col El).
Mutations affecting the production of active colicin by plasmid-containing cells will be referred to as being "col-," and a number will indicate the specific mutant (i.e., Col El colh #1). W3110 (Col El col-#1) and W3350 (Col El colh #1) were constructed by the conjugational transfer of a mutant Col El plasmid from P678-54 (Col El colh #1) to these strains by first introducing an F'gal fertility factor into the donor strain.
Bacteriophage, prepared and stored as described previously (3, 31) then added at a multiplicity of 5 and the cells were incubated for 3 h. Survivors were diluted 1/100 and grown overnight in L broth. The overnight culture was rediluted in L broth and grown for 20 to 25 generations, after which the cells were spread on L agar so there were about 100 colonies per petri plate and then incubated at 37 C. The production of colicin by colonies was tested by carefully overlaying them with a colicin-sensitive, streptomycin-sensitive indicator strain, W3110, in L soft agar. Colonies failing to produce colicin El or colicin E2 were initially selected as those that failed to produce a zone of killing in the soft agar. The presumed col-colonies were purified free of the indicator by streaking on streptomycin plates, retested for colicin production, and characterized further for their plasmid content. The spheroplast-Sarkosyl lysis procedure (2, 22) has been used to release plasmid DNA from minicells that have been purified from cultures of strain P678-54. The minicell purification has been described before (22) . Minicells washed in TES buffer were suspended in spheroplast medium (1 mg of lysozyme per ml, 500 Mg of ribonuclease [RNase] per ml, and 100 mg of sucrose per ml in TES buffer), and after 15 min of incubation at 37 C Sarkosyl was added to a final concentration of 0.4%, followed by an additional 5-min incubation period at 37 C. DNA released by either of the above methods could be examined directly or treated with Pronase, extracted with phenol saturated with TES buffer at room temperature, and dialyzed against an appropriate buffer. Extrachromosomal DNA to be examined by sucrose density gradient analysis was prepared as reported previously (22, 24) . Extrachromosomal DNA to be used for DNA-DNA membrane filter hybridization, heteroduplex formation, and electron microscope measurements was prepared as reported previously (23, 24) . Sucrose density gradient centrifugation. Neutral sucrose density gradients (5 to 20% or 15 to 50%) in TES buffer were spun in a Spinco SW50.1 rotor at 84,000 x g or a Spinco SW27 rotor at 81,000 x g at 5 C.
Cesium chloride-ethidium bromide buoyant density gradient centrifugation. Cesium chlorideethidium bromide density gradients (28) were prepared by adding 15.5 ml of a cleared lysate containing 3 mg of ethidium bromide to 15 g of CsCl (6). The solution was centrifuged for 44 h at 105,000 x g at 15 C in a Spinco 5OTi rotor. All gradients were fractinated by collecting drops from the bottom of the centrifuge tube.
DNA-DNA membrane filter hybridization. The DNA-DNA membrane filter hybridization was performed by the method of Denhardt (12) (Fig. 2) . This result supports the sucrose gradient data shown in Fig.  1 and suggests the Col El col-#1 mutation is an insertion mutant.
Since the presumed Col E2 col-containing bacteria did not produce minicells, the presence of extrachromosomal DNA was determined initially by labeling the cells with ['H]thymidine, preparing a cleared lysate, and banding the DNA in a cesium chloride-ethidium bromide density gradient to separate twisted circular from open circular and linear DNA (28) . A cesium chloride-ethidium bromide gradient of such a cleared lysate is shown in Fig. 3 . An electron microscope examination of the DNA found in the two peaks shown in Fig. 3 produce active colicin was due to a mutation in Col El DNA rather than one also sustained by the host, the extrachromosomal DNA was transferred to a new non-colicinogenic, colicinsensitive host. An F' factor, F'8 gal, was introduced into P678-54 (Col El col-#1), and the extrachromosomal DNA was then transferred to W3310. The donor P678-54 (Col El, col-#1) (F'8 gal) was mixed with W3110 in L broth, and conjugation was permitted to continue for 4 h, at which time cells were plated on minimal agar. The W3110 recipients were tested for the acquisition of F'gal by their sensitivity to malespecific phage fd and for acquisition of immunity to colicin El. Although several W3110 immune recipients isolated were found to be lysogenic for Mu phage, this was not a consistent finding and was not observed when the W3110 recipient was first made resistant to Mu phage. It is assumed that the free Mu phage from the Mu lysogenic donor in the conjugation mixture was acquired through infection rather than conjugation by the recipient strains.
The result suggests that the Col El DNA had, in fact, sustained a mutation affecting its ability to produce active colicin without affecting Examples of heteroduplex molecules obtained by mixing Col El and Col El colh #1 DNA followed by the denaturation and subsequent renaturation of the DNA in 50% formamide. Plasmid DNA obtained from the P678-54 (Col El) or P678-54 (Col El col-#1) by the cleared lysis procedure was centrifuged in sucrose density gradients, and the open circular DNA-was collected, pooled, and concentrated. Col El and Col El col-#1 DNA was mixed, denatured by alkaline treatment, neutralized, and permitted to reanneal at 23 C for 4 h in 50% formamide. The DNA was then spread on a hypophase containing 20% formamide, as previously described (11, 24) , picked up on parlodian grids, shadowed with platinum palladium, and examined with an electron microsope. Two heteroduplex molecules containing a small, single-stranded loop are shown. W3350 thy-(Col El) and W3350 thy-(Col El col-#1) were grown in TCG-TLB1 plus thymine till they reached about 4 x 108 cells/ml. Viable counts were taken, and chloramphenicol was added to each culture to a final concentration of 180 ug/ml. The cells of both cultures were incubated, at 37 C with aeration, for 2.5 h prior to the addition of [-H ]thymidine at identical specific activities. The cells were then incubated overnight and lysed by the cleared lysis procedure, the total cold trichloroacetic acidprecipitable counts in each cleared lysate were determined, and the DNA was analyzed on 4.5-ml 15 Previous reports suggest that Mu phageinduced mutants are caused by the disruption of the gene through the direct insertion of the whole phage genome into it, or by the production of a deletion mutation that is caused by the Mu phage recombination system (10, 21, 26 It has been observed previously that the induction of colicin protein production by mitomycin C is a lethal event in a colicinogenic cell. Ozeki et al. (27) suggested that colicin production was responsible for the lethal event during induction, whereas Herschman and Helinski (17) suggested that the lethal event in induction is not associated with colicin production.
Since the observations of the Col El col-#1 mutant suggest that its maintenance, replication, and immune properties are unaffected by the mutation, the response of the mutant to (8, 9, 21) . This experiment has been repeated in this laboratory using the Mu phage DNA extracted from Mu phage used above (Fig. 7) . It An alternative explanation of the origin of the small fragment of inserted DNA in Col El DNA that is not apparently Mu phage DNA is possible. Two classes of insertion mutants, IS1 and IS2, that are, respectively, about 800 and 1,400 nucleotide pairs long, have been found in E. coli K-12 (14, 19, 29) . The mutant in Col El col-#1, which is about 600 nucleotide pairs long (10% of Col El DNA), could possibly represent an insertion phenomenon similar to those reported. The isolation of other mutants and further characterization of the Col El col-#l mutant will be necessary to resolve this problem.
The evidence that the large circular molecules found in Col E2 col-mutants were between 18 and 20 ,um in length when the sum of the linear Mu and circular Col E2 DNA is about 15 to 16 /m long is perplexing but does not preclude the molecule representing a Mu-Col E2 interaction. Whether the variation in measurement represents a similar variation in total length noted in another Mu-episome complex (26) or the integration of Mu into a Col E2 unicircular oligomer can only be speculated about.
The observation that the exposure of cells containing the Col El col-mutant of inducing levels of mitomycin C is not lethal for the cells, while leading to enhanced replication of the plasmid DNA, strongly suggests that the synthesis of active colicin protein is related to the lethal event of induction. It has been reported that the Col El immune mechanism can be overwhelmed by the addition of colicin El protein to immune cells (30) . It is not unreasonable to think that colicin immunity may also be overwhelmed by the accumulation of large amounts of newly synthesized active colicin protein within or on the surface of induced cells where is is reportedly found (30) .
